Abstract. N-arylation of imidazole, benzimidazole, pyrazole, and indole was performed in the presence of CuI as the catalyst and NaOH as the base in ethylene glycol medium. Apparently, ethylene glycol played a dual role as both the reaction solvent and a ligand for the catalyst. All reactions proceed selectively to give the corresponding N-arylated products. In some cases, O-alkylation or dehalogenation was observed, which was explained by the proposed catalytic cycle. Conventional heating at 120 C and microwave irradiation both were used, where the results showed that microwave irradiation could facilitate the reaction by lowering the reaction times and increasing the yields. The reaction medium was recovered and reused in several consecutive runs.
Introduction
N-Arylation of aromatic nitrogen in heterocyclic compounds is one of the most useful reaction types in medicinal chemistry [1] and natural products synthesis [2] . These heterocycles and their N-arylated products are the substructure of a variety of biologically [3] [4] [5] and pharmacologically [6, 7] active substances. They have also found many applications in the chemistry of N-heterocyclic carbenes [8] .
In the past two decades, copper-catalyzed Ullmann-type C-N couplings have been widely studied by di erent groups [9, 10] . A variety of copper based catalysts, bases, and solvents have also been utilized to perform such reactions under milder conditions or in a ligand-free or solvent-free manner [11] . Application of green reaction media such as water [12] or ionic liquids [13] has also been reported. Despite all these breakthroughs, there is still a demand to adopt even simpler catalytic systems so that they involve low *. Corresponding author. Tel.: +98 21 44787749; Fax: +98 21 44787785 E-mail address: shari @ccerci.ac.ir (A. Shari ) catalyst loadings; proceed without the use of a ligand or at least use a simple, low-cost, and readily available ligand; run under milder conditions; and would preferably be recyclable. Recently, there has been a rise in the application of glycols (Ethylene Glycol (EG) and polyethylene glycol (PEG)) and glycerol-derived solvents as media for organic syntheses due to their low toxicity, biodegradability, high boiling points, high chemical and thermal stability, low ammability, and the ability to dissolve both organic and inorganic compounds [14, 15] . In this regard, these solvents have been used in Cucatalyzed Ullmann-type C-N couplings. For instance, Huang reported amination of aryl iodides and bromides with aqueous ammonia using CuSO 4 , Cs 2 CO 3 , and sucrose as the ligand in PEG-200/water (1:1) [16] . Colasino and coworkers reported N-arylation of indole and benzimidazole in PEG-3400 under microwave irradiation at 150 C. They used 10 mol% of nano-sized Cu 2 O and two equivalents of Cs 2 CO 3 as the base [17] . N-arylation of indoles has also been performed in glycerol at 120 C using CuI (10 mol%) and DMSO [18] . Similarly, a ligand-free intramolecular C-N coupling to form benzotriazoles has been reported in PEG-Scheme 1. Typical reaction pathway. 400/water (1:10) by using CuI (10 mol%) and excess K 2 CO 3 [19] . However, many of these reports are limited with the drawbacks such as the use of additional ligands, long reaction times, elevated temperatures, and low yields of products.
As far as we know, there are no reports for using neat EG in Cu-catalyzed N-arylation of aromatic nitrogens. Buchwald has reported a CuI-catalyzed reaction between primary or secondary amines with aryl iodides by using two equivalents of EG as the ligand in 2-propanol. Consequently, use of neat EG led to disadvantages such as high viscosity of the medium (even at 80 C), low solubility of certain substrates in EG, and low yield of the products. Therefore, 2-propanol was added to the system as the co-solvent [20] . In continuation of our studies on the development of environmentally benign synthetic procedures [21] [22] [23] , hereby, we present EG as an e cient and recyclable medium for N-arylation of a variety of nitrogencontaining heterocycles with aryl iodides (and bromides) by using CuI as the catalyst and NaOH as the base (Scheme 1). The study suggests that EG plays a dual role as both the reaction solvent and a ligand for copper. All reaction components including the base and copper complexes are soluble in EG at the optimized temperature, providing the necessary conditions for a homogenous reaction.
Material and methods

General
All reagents and solvents were available commercially and used as received. Sodium hydroxide pellets from Merck Company were used. Progress of the reactions was monitored by TLC, using silica gel coated plates and EtOAc/petroleum ether mixture (1:1) as the eluent. Microwave-assisted reactions were carried out in a Milestone Microsynth r instrument. Melting points were uncorrected and obtained by Buchi Melting Point 530. 1 H NMR (500 MHz) spectra were obtained on an FT-NMR Bruker Ultra Shield TM instrument in CDCl 3 solutions; the chemical shifts are expressed as units with Me 4 Si as the internal standard. Gas chromatography-mass spectrometry was carried out on a Fisons GC 8000 gas chromatograph coupled to a Fisons TRIO 1000 mass spectrometer at ionization potential of 70 eV. All products were known and their identity was con rmed by the comparison of their melting points and their 1 H NMR data with those of authentic compounds available in the literature.
General procedure for microwave-assisted
CuI-catalyzed reactions of N-heterocycles and aryl halides
An aryl halide (1.0 mmol) was added to a stirred mixture of an N-heterocycle (2.0 mmol), CuI (0.05 mmol for aryl iodides or 0.20 mmol for aryl bromides), and NaOH (2.0 mmol) in ethylene glycol (2.0 mL). The reaction vessel was capped and placed in the microwave instrument and irradiated at 300 W for the time given in Table 2 . After completion of the reaction, water (30.0 mL) was added to the mixture and the organic portion was extracted with ethyl acetate (3 5:0 mL). The combined ethyl acetate layers were dried over Na 2 SO 4 and evaporated under reduced pressure. The crude product was puri ed via a silica gel column using EtOAc/petroleum ether mixtures (1:1) as the eluent.
General procedure for CuI-catalyzed reaction of N-heterocycles and aryl halides under conventional heating
Aryl halide (1.0 mmol) was added to a stirred mixture of an N-heterocycle (2.0 mmol), CuI (0.05 mmol for aryl iodides or 0.20 mmol for aryl bromides), and NaOH (2.0 mmol) in ethylene glycol (2.0 mL). The reaction vessel was capped and stirred magnetically in a preheated oil bath at 120 C for 24 hours. After completion of the reaction, water (30.0 mL) was added to the mixture and the organic portion was extracted with ethyl acetate (3 5:0 mL). The combined ethyl acetate layers were dried over Na 2 SO 4 and evaporated under reduced pressure. The crude product was puri ed via a silica gel column using EtOAc/petroleum ether mixtures (1:1) as the eluent.
Results and discussion
We rst optimized a model reaction between imidazole and iodobenzene by examining di erent sets of conditions. The results are summarized in Table 1 . By using 20 mol% CuI and two equivalents of NaOH, the conversion of the reactants to the target product (1a) at 100 C was only 50% after 24 hours (entry 1). The yield increased to 90% after 24 hours at 120 C (entry 2). Search in the literature showed that microwave irradiation could facilitate Ullmann-type reactions [24] . Thus, we repeated the reaction under microwave irradiation. After 1.5 hours of irradiation at 50 W, only 30% conversion to the desired product was noticed (entry 3). However, higher microwave powers gave better results within the same time (entries 4-5).
Then, we examined the e ect of di erent Cu(I) salts on the progress of the reaction (entries [6] [7] [8] . This led to comparable results within similar time periods and, therefore, CuI remained the catalyst of choice due to its lower cost. Catalytic amounts of CuI as low as 5 mol% were enough for the reactions with iodobenzene (entries 9-10), while more loading (20 mol%) was necessary in the case of bromobenzene (entry 11). Aryl chlorides did not react under any conditions (entry 12). Alteration of the molar ratio of imidazole to iodobenzene (entries [13] [14] or decreasing the amount of the base (entry 15) only led to lower yields of the product. Replacing NaOH with other bases such as K 3 PO 4 or Cs 2 CO 3 , which are more common in Cucatalyzed reactions, did not improve the results (entries [16] [17] . We next studied the generality of the procedure by applying the optimized conditions (Table 1 , entry 10 for ArI and entry 11 for ArBr) to the reactions of some other nitrogen-heterocycles with di erent aryl halides. The results are shown in Table 2 . As it is obvious from the table, imidazole reacts more readily with iodobenzene than indole, pyrazole, and benzimidazole do (entries 1-3), perhaps due to the greater nucleophilicity and solubility of the former one in the reaction medium [25, 26] . Substitution pattern on the aryl halide did not interfere with the results and para-substituted aryl halides as well as meta-and ortho-derivatives were utilized equally well. Aryl bromides also reacted under these conditions (entries 9-12), but they needed more catalyst loading, and still the reaction times were fairly longer. To highlight the e ect of microwave irradiation on the yield and the time, some of the reactions were performed under both the conventional heating at 120 C and microwave conditions. With microwave irradiation, reactions were complete in reasonably shorter time periods and gave good to excellent yields of the products.
When pyrrole was reacted with iodobenzene (Table 3, entry 1), formation of both 1-phenylpyrrole and 2-phenoxy ethanol was observed. Competitive Nand O-alkylation in Cu-catalyzed reactions has been previously observed and discussed in several reports [9] . A reaction cycle to rationalize this observation is proposed in Scheme 2 [33] . The rst step is the coordination of nucleophile with Cu. The coordinated nitrogen atom is then deprotonated in the presence of the base. The preference for N-alkylation is the result of the greater nucleophilicity of the nitrogen of the reactant as opposed to that of the oxygen Scheme 2. General reaction mechanism. of ethylene glycol and the rate-limiting step is the oxidative addition of the aryl halide to copper. In the case of pyrrole, because of low nucleophilicity of nitrogen, deprotonation must occur rst and thus ethylene glycol (in excess) is bound to copper faster and it continues the cycle [34] .
For aryl halides with an electron-withdrawing substituent such as a nitro group, a di erent cycle (Scheme 3) [33] may be suggested to account for the observed results (Table 3 , entry 2). In this case, the oxidative addition of the electron de cient aryl halide is fast and occurs as the rst step of the process followed by rate-limiting addition of ethylene glycol to form complex 1. Complex 1 may then either undergo a reductive elimination to form the arylated ethylene glycol side product or give a dehalogenated product via ahydride elimination [35, 36] . The dehalogenated product can also be traced in the reaction of pyrrole with 4-iodotoluene (entry 3), which con rms the formation of complex 1 in the reaction cycle. Finally, to evaluate the reactivity of the saturated heterocycles under the optimized conditions, the reaction of pyrrolidine with iodobenzene was tried, where O-arylation occurred as the major reaction and only a very low formation of the target compound was noticed.
The model reaction between imidazole and 4-iodoanisole was also used to evaluate the recoverability of the catalyst. After each reaction, the product was extracted with diethyl ether. Then, the reaction medium was recovered by removing the volatile portion under reduced pressure and reused successfully in the next several runs without further addition of the base or CuI. The results are summarized in Table 4 . 
Conclusion
In summary, we have introduced ethylene glycol as an e cient medium for Cu(I)-catalyzed reaction of aryl iodides and bromides with nitrogen-heterocycles under both thermal and microwave conditions. The catalyst system is inexpensive and readily available, and it can be recovered and reused successfully in several runs. 
